Most neurons in layer VI of the visual cortex project to the dorsal lateral geniculate nucleus (dLGN).
Introduction
Visual cortex is a laminated structure consisting of six layers. Neurons in each layer are interconnected in the mainly vertical direction so as to form serial "canonical" circuits (Gilbert, 1983; Thomson and Bannister, 2003; Douglas and Martin, 2004) . The bottom layer of the cortex, layer VI, contains a specified type of pyramidal neurons, corticogeniculate neurons (CG cells), which project to the dorsal lateral geniculate nucleus (dLGN) and make up an essential component of corticothalamic feedback circuits (Updyke, 1975; Tsumoto et al., 1978; Bourassa and Deschenes, 1995;  for review, see Thomson, 2010) . Traditionally the corticothalamic projection is thought to exert facilitatory or suppressive effects on thalamic relay of visual inputs, depending on the spatial alignment between layer VI and dLGN (for review, see Sillito and Jones, 2002) . Recently it was reported that CG cells play an important role in gain control of visually evoked responses of cortical neurons mainly through intracortical projections to upper layers (Lee et al., 2012; Olsen et al., 2012) .
Regarding synaptic inputs, CG cells receive afferent, bottom-up inputs from dLGN and intracortical, top-down inputs from upper layers, such as layers II/III, IV, and V (Mercer at al., 2005; Zarrinpar and Callaway, 2006 ; for review, see Thomson, 2010) . The activity of CG cells and their function are expected to be regulated by functional plasticity of these converging synaptic inputs through bottom-up and top-down pathways. It is generally thought that cortical circuits are functionally plastic in response to changes in sensory inputs or their own activities. Long-term potentiation (LTP) and long-term depression (LTD) of synaptic transmission are supposed to play a role in such an activity-dependent modification of cortical circuits (for reviews, see Tsumoto, 1992; Bear, 2003; Malenka and Bear, 2004; Smith et al., 2009) . Previous studies on LTP and LTD in visual cortex have dealt mostly with synapses on neurons in layers II/III, IV, and V (Komatsu et al., 1981; Artola and Singer, 1987; Kimura et al., 1989; Kirkwood et al., 1993; Dudek and Friedlander, 1996; Heynen and Bear, 2001; Sjöström et al., 2001; Jiang et al., 2007; Cooke and Bear, 2010) . While synaptic plasticity in layers II/ III-V of the cortex has been extensively studied, synaptic plasticity of cortical layer VI has not been systematically explored except for two short reports (Wang and Daw, 2003; Petrus et al., 2011) .
Questions of whether bottom-up and top-down synapses on CG cells have the capacity of long-term plasticity, whether there is an interaction between plasticity of convergent synapses, and what mechanisms are involved are important issues for understanding the function of cortical circuits, such as gain control of visual responses of cortical neurons. To our surprise, however, these questions have not been explored previously.
In the present study, we addressed these questions in mice in which CG cells were identified with a retrograde tracer, and found that tetanic stimulation of either pathway induces homosynaptic LTP and heterosynaptic LTD with different induction mechanisms to switch the balance of effects of the two pathways on the function of CG cells.
Materials and Methods
Preparation of visual cortical slices. Glutamate decarboxylase 67 (GAD67)-green fluorescent protein (GFP) (⌬neo) knock-in mice , or vesicular GABA transporter (VGAT)-Venus transgenic mice of either sex, aged from postnatal day (P) 19 to P26, were anesthetized with isoflurane (Abbott) and then decapitated. In some experiments, type 1 of cannabinoid receptor (CB 1 R)-knock-out (CB-KO) mice were used (Zimmer et al., 1999) . Breeding pairs of CB-KO mice were kindly provided by M. Kano (Tokyo University, Japan) under an agreement of A. Zimmer (University of Bonn, Germany). The brains were rapidly removed and placed in the cold oxygenated artificial CSF (ACSF). Coronal slices of the visual cortex (300 m thick) were obtained using a tissue slicer (Vibratome 3000, Vibratome). All experimental procedures were performed in accordance with the guidelines of the Animal Experimental Committee of RIKEN Brain Science Institute. Slices were placed in an incubating chamber of oxygenated ACSF for at least 1 h before recording. The incubating and recording temperature was 30°C. The ACSF had the following composition (in mM): 124 NaCl, 3 KCl, 2 CaCl 2 , 1 MgCl 2 , 1.25 NaH 2 PO 4 , 26 NaHCO 3 , and 10 glucose, pH 7.4. The ACSF was bubbled continuously with 95% O 2 and 5% CO 2 . The flow rate of the ACSF was ϳ2.5 ml/min.
Retrograde labeling of corticogeniculate projection cells. Mice anesthetized with ketamine (100 mg/kg, i.m.) and xylazine (10 mg/kg, i.m.) were fixed in a stereotaxic head holder. Throughout the experiment, the core body temperature, measured with a rectal probe, was maintained at 37°C by using a thermostatically controlled electrical blanket (NP 50 -7061-R, Harvard Apparatus). A circular craniotomy ϳ0.5 mm in diameter was made unilaterally above the assumed location of the dLGN, ϳ2.5 mm posterior to the bregma and 2 mm lateral from the midline. A small duratomy was made in the center of this exposed area, and a tungstenin-glass electrode (Alan Ainsworth, Northants, United Kingdom) was lowered vertically into the brain using a micromanipulator. Multiunit signals were amplified with a differential amplifier (DAM 80, WPI). Background multiunit activities evoked by flash light stimuli given to the contralateral eye were monitored while advancing the microelectrodes through the brain. When the tip of the electrode reached the dLGN at the depth of 2.5-3.0 mm from the cortical surface, brisk, reliable visual responses were obtained. Then, we injected 170 -200 nl of Alexa Fluor 555-conjugated cholera toxin subunit B (CTB555, Invitrogen) into the dLGN through glass pipettes by pressure (PV820, WPI). Five to seven days after the tracer injection, cortical slices 300 m thick were made from the visual cortex in the same way as mentioned above. Then, the sections containing the injection site and layer VI of the visual cortex were observed with a confocal microscope (FV 1000-D, Olympus) with excitation wavelength of 488/515 nm and emission filter of 500 -530/ 530 -545 nm for GFP/Venus fluorescence and excitation wavelength of 559 nm and emission filter of 600 -700 nm for Alexa Flour 555-CTB.
Stimulating electrodes and whole-cell recordings. Whole-cell recordings from CG or non-CG pyramidal neurons in layer VI of visual cortical slices were performed under infrared differential interference contrast optics. Two stimulating electrodes of the concentric bipolar type (diameter, 125 m; FHC) were placed in layer II/III near the border of layer IV and at the site in the white matter (WM) ϳ200 m beneath the recorded cells. EPSPs evoked by test stimulation given to the two sites alternatively at 0.1 Hz (at 0.05 Hz to each site) were recorded in the current-clamp mode using a multiclamp amplifier (700B, Molecular Devices), filtered at 2-5 kHz, digitized at 10 kHz, and fed into a Pentium 4 personal computer with a digitizer computer interface (PCI-MIO-16E-4, National Instruments). Data analysis was performed using the Igor 4.01 program.
Recording electrodes were pulled from borosilicate glass capillary with filaments (inner diameter, 0.86 mm; outer diameter, 1.5 mm). The resistance of these electrodes with the following internal solution was 4 -6 M⍀. The composition of the internal solution was as follows (in mM): 130 K-gluconate, 10 KCl, 10 HEPES, 0.2 EGTA, 4 MgATP, 0.5 Na 3 GTP, and 10 Na-phosphocreatine, adjusted to pH 7.4 with KOH. The osmolarity of the solution was 275-290 mOsm. The input resistance of neurons was continuously monitored throughout recordings by injecting hyperpolarizing test currents (Ϫ20 pA for 100 ms). The measured values were generally 80 -150 M⍀, and usually very stable during recordings. If these values changed Ͼ20%, recordings were stopped and the data were discarded. In the experiments in which postsynaptic Ca 2ϩ was chelated, 1,2-bis-(2-aminophenoxy)ethane-N, N,NЈ,NЈ-tetra-acetic acid (BAPTA) was added at the concentration of 10 mM to the internal solution of recording electrodes.
Induction of homosynaptic LTP and heterosynaptic LTD. After recording baseline responses evoked by test stimulation (pulse of 0.1 ms duration) for 10 min, theta-burst stimulation (TBS) paired with postsynaptic depolarization at 0 mV for 40 s was applied to one of the two stimulation sites. TBS consisted of five trains at 0.1 Hz, each train consisting of 10 bursts at 5 Hz, and each burst consisting of four pulses at 100 Hz. The intensity of test stimulation was set at 1.5-2.0 times the threshold for eliciting detectable responses (30 -80 A for pulses of 0.1 ms duration), and the intensity and width of each pulse of TBS were the same as those of the test pulse. Thereafter, responses to test stimulation at 0.05 Hz were recorded again for at least 30 min. During TBS, the membrane potentials were clamped at 0 mV in the voltage-clamp mode. After TBS, the recordings were performed in the current-clamped mode again.
Drugs. Drugs were applied through the perfusion medium. The medium containing drugs at given concentrations was prepared with ACSF or dimethyl sulfoxide (DMSO) (0.1% in ACSF). It is reported that this concentration of DMSO has no effect on excitatory synaptic transmission in the mouse visual cortex (Sarihi et al., 2008) . Interleaved control recordings were performed in non-drug-treated slices from the same animals. As selective antagonists for the respective type of glutamate receptors, we used the following drugs: D,L-2-amino-5-phosphonovaleric acid (APV; Sigma-Aldrich) at 100 M for NMDA receptors, 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX; Sigma-Aldrich) at 20 M for AMPA receptors, 2-methyl-6-(phenylethynyl)pyridine hydrochloride (MPEP; Tocris Bioscience) at 10 M for the type 5 of mGluRs (mGluR5) and (s)-(ϩ)-␣-amino-4-carboxy-2-methylbenzeneacetic acid (LY367385; Tocris Bioscience) at 100 M for mGluR1. As the selective agonist and antagonist for CB 1 R, we used R-(ϩ)-(2,3-dihydro-5-methyl-3-[(4-morpholinyl)methyl]pyrol[1,2,3-de]-1,4-benzoxazin-6-yl) (1-naphthalenyl) methanone mesylate [WIN55,212-2 (WIN); Tocris Bioscience] at 2 M, and N-(piperidin-1-yl)-5-(4-iodophenyl)-1-(2,4-dichlorophenyl)-4-methyl-1H-pyrazole-3-carboxamide (AM251; Tocris Bioscience) at 5 M, respectively. As a selective inhibitor for calcineurin, FK-506 (Cayman Chemical) was dissolved in 100% methanol and then diluted with ACSF. The final concentration of FK-506 was 1 M and that of methanol was 0.01%. This concentration of methanol was reported to have no effect on field responses of rat visual cortex (Funauchi et al., 1994) .
Statistical analysis. In the present study, values are given as mean Ϯ SEM, unless otherwise mentioned. For statistical analysis, values before and after TBS obtained from the same cell and values between two groups of cells were compared by the paired and unpaired t tests, respectively, when values showed normal distribution. The statistical evaluation of normal distribution was performed using the Kolmogorov-Smirnov test.
Results

Identification of CG cells
To identify cortical neurons that project to dLGN (CG cells), we injected Alexa Fluor 555-conjugated cholera toxin subunit B as a retrograde tracer into the dLGN of VGAT-Venus or GAD67-GFP mice 5-7 d before recording experiments (Fig. 1 A) . As shown in Figure 1 B, C, neurons located in the upper part of layer VI of the primary visual cortex had fluorescence of Alexa. None of the cells containing Alexa (in red) overlapped with GABAergic neurons expressing GFP or Venus signals (in green), indicating that this retrograde tracer marked only projection neurons.
From Alexa-positive CG cells and Alexa-negative non-CG pyramidal cells in layer VI of the visual cortex, we recorded EPSPs evoked by test stimulation given to the upper layers (ULs) and the underlying WM (UL-evoked and WM-evoked EPSPs, respectively; Fig. 2 A,B) . If stimulation of the WM site generated antidromic action potentials, the location of the stimulating electrode was slightly shifted or the intensity of stimulation was changed so as to induce EPSPs alone. Both UL-evoked and WMevoked EPSPs were slightly depressed by an application of APV (ϳ10 -20% reduction in the amplitude) and almost completely blocked by the simultaneous application of CNQX and APV ( 2 B), confirming that they were EPSPs mediated mostly through the AMPA type of glutamate receptors. These EPSPs were judged as monosynaptically induced, based on short onset latencies (Table 1) and very small jitters. The jitters of the latencies were Ͻ0.5 ms for all groups of EPSPs. As seen in Figure 2 B, EPSPs evoked by stimulation of the two different sites showed different properties. In most CG cells, UL-evoked EPSPs had longer onset latency, slower rising slope, and slower decay time than those of WM-induced EPSPs (Table 1) .
We also found that there were significant differences in EPSP properties between CG cells and non-CG cells, regardless of stimulation site. The mean peak amplitude of UL-evoked and WMevoked EPSPs for the non-CG cells was significantly (both, p Ͻ 0.001, unpaired t test) lower than those of the respective EPSPs of the CG cells (Table 1 ; Fig. 2C,D) . Also, the rising slopes of both types of EPSPs of the non-CG cells were much smaller ( p Ͻ 0.01 and 0.001, unpaired t test) than the respective values of the CG cells (Table 1 ; Fig. 2C,D) . Regarding the intrinsic membrane properties of cells, such as resting membrane potential and input resistance, there were no significant differences between CG and non-CG cells. The resting membrane potentials and input resistances of the 24 CG cells were Ϫ64 Ϯ 1.1 mV and 124 Ϯ 5.2 M⍀ while those of the 12 non-CG cells were Ϫ68 Ϯ 1.0 mV and 124 Ϯ 13.6 M⍀, respectively. In layer VI of the visual cortex, only approximately one-third of pyramidal cells were assumed to be non-CG cells based on the sampling number of cells. This seems consistent with a recent report that 67-68% of cells labeled with two different retrograde tracers are corticothalamic cells and 31-32% of the labeled cells are interareal corticocortical cells in layer VI of the somatosensory, auditory, and visual cortices of the mouse, although corticocortical projection within the same area was not included (Petrof et al., 2012) . Non-CG cells were not further analyzed in the present study because they were the minority of cells in layer VI of the mouse visual cortex. CG cells were analyzed as a group, although this cell population may potentially be composed of multiple subtypes (Tsumoto and Suda, 1980; Swadlow and Weyand, 1987; Briggs and Usrey, 2007).
To confirm that the two pathways (UL3layer VI and WM3layer VI) were separately activated, we used the pairedpulse and primed-pulse stimulation protocol. Initially, paired pulses at an interval of 100 ms were applied to the UL and WM sites, respectively. As shown in Figure 2 E (1) the second responses were smaller than the first responses at both pathways. The mean paired-pulse ratios (PPRs) of the UL-evoked and WMevoked EPSPs were 0.79 Ϯ 0.07 and 0.83 Ϯ 0.05, respectively (Fig. 2 F). Thus, paired-pulse depression was induced at both pathways. Then, the first and second stimuli were applied to the UL and WM sites, or the WM and UL sites, respectively. As shown in Figure 2 E (2), the second responses (W4 and U4) were not smaller than the first responses at the corresponding sites (W3 and U3, respectively), indicating that the first stimuli did not affect the responses to the second stimuli. This was confirmed in the group analysis of ratios of the peak amplitude of the second responses to that of the first responses (Fig. 2 F, right 2 columns) . The mean ratios of the EPSP amplitudes of U4 to U3 and W4 to W3 were 1.02 Ϯ 0.07 and 1.00 Ϯ 0.04, respectively. These values were nearly 1.0 and significantly ( p Ͻ 0.05) different from those of U2 to U1 and W2 to W1. These results indicate that test stimulation of one site did not concomitantly activate the other site.
Induction of homosynaptic LTP and heterosynaptic LTD in both pathways
To examine whether TBS of one pathway induces long-lasting changes in excitatory synaptic transmission in the activated pathway (called homosynaptic pathway) and the other, nonactivated pathway (called heterosynaptic pathway), we initially applied test stimuli to the UL and WM sites alternately every 10 s (0.05 Hz at each site) and recorded baseline EPSPs from CG cells, and then applied TBS to either site. An application of TBS to the UL site induced a robust and immediate enhancement of EPSPs in the homosynaptic pathway (Fig. 3A, top) . This enhancement lasted for all the recording time (35 min after stopping TBS) and thus this LTP was called homosynaptically induced LTP (hom-LTP).
In the 14 CG cells, the mean ratio of the UL-evoked EPSP slope 20 -25 min after TBS to that before TBS was 1.42 Ϯ 0.02, which was significantly ( p Ͻ 0.05) larger than the baseline value. Simultaneously long-lasting depression was induced in the WMevoked EPSPs (Fig. 3A, bottom) . The WM was not activated by TBS, and thus this LTD was called heterosynaptically induced LTD (het-LTD). In the 14 cells, the mean ratio of the WM-evoked EPSP slope 20 -25 min after TBS to that before TBS was 0.78 Ϯ 0.03, which was significantly ( p Ͻ 0.05) smaller than the baseline value. Then we tested whether the magnitude of hom-LTP is related to that of het-LTD in the 14 cells. As shown in Figure 3B , there was a weak negative correlation ( p ϭ 0.045) between the magnitudes of the homosynaptic and heterosynaptic changes. Then we applied TBS to the WM site, which also induced hom-LTP and het-LTD (Fig. 3C ). In the 11 CG cells, the mean ratio of the WM-evoked EPSP slope 20 -25 min after TBS to that before TBS was 1.63 Ϯ 0.03, which was significantly ( p Ͻ 0.05) larger than the baseline value. Simultaneously, het-LTD was induced in the UL-evoked EPSPs (Fig. 3C, bottom) . In the 11 CG cells, the mean ratio of the UL-evoked EPSP slope 20 -25 min after TBS to that before TBS was 0.65 Ϯ 0.01, which was significantly ( p Ͻ 0.05) smaller than the baseline value. Again we examined the possibility that the magnitude of hom-LTP is related to that of het-LTD. As shown in Figure 3D , a weak negative correlation ( p ϭ 0.041) was seen between the magnitudes of the homosynaptic and heterosynaptic changes after TBS of the WM site.
Het-LTD induced by TBS of the UL site may be presynaptic, whereas the other long-term changes may be postsynaptic To address the question whether the induced long-term changes are presynaptic or postsynaptic in origin, we initially applied the paired-pulse stimulation protocol. The ratios of the amplitudes of the second EPSPs to those of the first EPSPs were calculated in the CG cells that showed significant hom-LTP or het-LTD. In the 10 cells that showed significant hom-LTP of UL-evoked EPSPs, the mean PPR was not significantly changed after TBS of the UL site (Fig. 4 A, left) . Also, in another 10 CG cells that showed significant hom-LTP of WM-evoked EPSPs, the mean PPR value was not significantly changed after the induction of hom-LTP (Fig. 4 A, right) . On the other hand, the mean PPR value of WMinduced EPSPs of the 10 cells that showed het-LTD was significantly ( p Ͻ 0.05, paired t test) increased after the LTD induction, suggesting that the probability of presynaptic transmitter release to test stimulation may be decreased (Fig. 4 B, left) . Different from such a change, the mean PPR of UL-evoked EPSPs was not significantly changed after the induction of het-LTD by TBS of the WM site (Fig. 4 B,  right) . These results suggest that het-LTD induced by TBS of the UL site may be presynaptic, while the other types of longterm changes may be postsynaptic in origin.
To confirm this suggestion, we next performed the coefficient of variation (CV) analysis (Faber and Korn, 1991; Sjöström et al., 2003) . On the basis of a binomial model of synaptic transmission, functional changes in presynaptic sites are expected to be accompanied by a change in the CV of synaptic responses: the values of CV Ϫ2 plotted against the change in efficacy should be located on or below the diagonal line, if the release probability is low. On the other hand, if changes are located purely in postsynaptic sites, the values should be located on the horizontal line of 1.0. As shown in Figure 4C (left) , the values of all but 1 of 10 neurons that showed het-LTD (open circles) by TBS of the UL site were located below the diagonal line. The exception was above but very close to the line. Meanwhile, the values of the cells that showed hom-LTP (filled circles) were located around the normalized CV Ϫ2 value of 1.0 (mean Ϯ SEM, 0.98 Ϯ 0.12). Similarly the values of the cells that showed hom-LTP by TBS of the WM site (Fig. 4C , right, filled circles) were located around the normalized CV Ϫ2 value of 1.0 (0.97 Ϯ 0.09). The mean value of the cells that showed het-LTD by TBS of the WM site (Fig. 4C , right, open circles) was close to the value of 1.0 (0.88 Ϯ 0.12), although four cells were located below or on the diagonal line. These results confirmed that het-LTD and hom-LTP induced by TBS of the UL site may be presynaptic and postsynaptic in origin, respectively (see Fig. 9 ), whereas both het-LTD and hom-LTP by TBS of the WM site may be mostly postsynaptic in origin, although we cannot completely exclude the mixed presynaptic and postsynaptic changes in a fraction of these cells.
Hom-LTP and het-LTD induced by TBS of the WM site are NMDA receptor-dependent, whereas those by TBS of the UL site are not
It is well known that an activation of NMDA receptors is necessary to induce hom-LTP at excitatory synapses of layer II/III pyramidal cells in the visual cortex (Artola and Singer, 1987; Kimura et al., 1989) . In the present study, we used an antagonist for NMDA receptors, APV, to examine whether NMDA receptors are also involved in the induction of hom-LTP and het-LTD in both top-down and bottom-up pathways to CG cells. As shown in Figure 5A , APV did not block hom-LTP of UL-evoked EPSPs and het-LTD of WM-evoked EPSPs after TBS of the UL site. In the eight CG cells to which APV was applied, the mean ratio of the UL-evoked EPSP slope 20 -25 min after TBS to that before TBS was 1.83 Ϯ 0.04 (Fig 5A, top) . This value was not significantly different from that of nine control cells without APV (1.74 Ϯ 0.04). Also, the mean ratio of the WM-evoked EPSP 20 -25 min after TBS to that before TBS with APV (0.68 Ϯ 0.02) was not significantly different from that without APV (0.73 Ϯ 0.03) (Fig. 5A, bottom) .
Different from the UL-induced hom-LTP and het-LTD, WMinduced changes were sensitive to APV (Fig. 5B) . In eight APV- treated CG cells, the mean ratio of the rising slope of WM-evoked EPSP 20 -25 min after TBS of the WM site to that before TBS was 1.09 Ϯ 0.01, which was significantly ( p Ͻ 0.05, unpaired t test) smaller than that (1.54 Ϯ 0.04) of nine control cells without APV (Fig. 5B, top) . Also, het-LTD of UL-evoked EPSPs was not induced during the APV application (Fig. 5B, bottom) . The ratio of the rising slope of EPSP 20 -25 min after TBS to that before TBS with APV was 1.00 Ϯ 0.01, which was significantly ( p Ͻ 0.05) different from the corresponding value of the nine control cells without APV (0.54 Ϯ 0.01).
Ca
2؉ -chelator injection into postsynaptic cells blocks hom-LTP and het-LTD at both pathways
To test whether the rise of Ca 2ϩ in postsynaptic sites is involved in the induction of hom-LTP and het-LTD, we injected a Ca 2ϩ -chelator, BAPTA, into postsynaptic cells through patch pipettes. As shown in Figure 5C , hom-LTP of UL-evoked EPSPs and het-LTD of WM-evoked EPSPs were not induced by TBS of the UL site, whereas these long-term changes were induced in control cells. In 10 CG cells into which BAPTA had been injected, the mean ratio of the UL-evoked EPSP slope 20 -25 min after TBS to that before TBS was 1.03 Ϯ 0.02. This value was not significantly different from the baseline value ( p Ͼ 0.05). Also WM-evoked EPSPs were not significantly depressed by TBS of the UL site (Fig. 5C , bottom, filled circles). The mean ratio of the WM-evoked EPSP slope 20 -25 min after TBS to that before TBS was 1.03 Ϯ 0.04. Similarly TBS applied to the WM site did not induce significant hom-LTP in 7 BAPTA-injected cells (Fig. 5D, top, filled circles) . The mean ratio of the WM-evoked EPSP slope 20 -25 min after TBS to that before TBS was 1.04 Ϯ 0.02. Also UL-evoked EPSPs were not significantly depressed (Fig. 5D, bottom, filled circles) . The mean ratio of the UL-evoked EPSP slope 20 -25 min after TBS to that before TBS was 0.98 Ϯ 0.01.
Hom-LTP and het-LTD induced by TBS
of the UL site are mGluR5-dependent, whereas those by TBS of the WM site are not As mentioned above, UL-induced hom-LTP and het-LTD were not sensitive to APV. Then we tested a possibility that these UL-induced changes are sensitive to a selective blocker for metabotropic glutamate receptor of the type 5 (mGluR5), MPEP. As shown in Figure 6 A, MPEP blocked the induction of hom-LTP of UL-evoked EPSPs and het-LTD of WMevoked EPSPs. The mean ratio of the ULevoked EPSPs of eight MPEP-treated cells 20 -25 min after TBS to the baseline value before TBS was 1.03 Ϯ 0.01, and thus hom-LTP was not induced (Fig. 6 A, top, filled circles) . Also, the ratio of WM-evoked EPSPs after TBS of the UL site to that before TBS (1.07 Ϯ 0.04) was not significantly different from baseline value ( p Ͼ 0.05), and thus het-LTD was not induced during the application of MPEP (Fig. 6 A, bottom, filled circles) .
In contrast to these blocking actions on the UL-induced changes, MPEP did not block hom-LTP of WM-evoked EPSPs and het-LTD of UL-evoked EPSPs after TBS of the WM site (Fig.  6 B) . In seven MPEP-treated cells, the mean ratio of WM-evoked EPSP 20 -25 min after TBS to that before TBS was 1.50 Ϯ 0.04, Figure 6 . Involvement of mGluR5 in UL-induced synaptic plasticity. A, Hom-LTP of UL-evoked EPSPs (top) and het-LTD of WM-evoked EPSPs (bottom) were not induced by TBS of the UL site during the application of an mGluR5 antagonist, MPEP (filled circles). In the control condition without MPEP, hom-LTP and het-LTD were induced (open circles). Abscissa is the same as in E. Other conventions are the same as in Figure 5A . B, Hom-LTP of WM-evoked EPSPs (top) and het-LTD of UL-evoked EPSPs (bottom) were induced by TBS of the WM site with (filled circles) and without (open circles) MPEP. Abscissa is the same as in F. Other conventions are the same as in Figure 5A . C, A long-lasting enhancing action of an mGluR5 agonist, DHPG, on EPSPs evoked by test stimulation of the UL site. DHPG (100 M) was applied during the period indicated by shaded area. Abscissa is the same as in E. D, No significant action of DHPG on EPSPs evoked by stimulation of the WM site. Other conventions are the same as in C. E, Occlusion of DHPG-induced enhancement of UL-evoked EPSP by preceding TBS-induced hom-LTP. F, Occlusion of TBS-induced hom-LTP of UL-evoked EPSPs by preceding DHPG-induced enhancement of EPSPs.
which was not significantly different from the corresponding value of another seven control cells without MPEP (1.54 Ϯ 0.05). Also, TBS of the WM site induced het-LTD of UL-evoked EPSP in the MPEPtreated cells (Fig. 6 B, bottom) . The ratio of EPSP 20 -25 min after TBS to that before TBS with MPEP was 0.63 Ϯ 0.02, which was not significantly different from the corresponding value of the seven control cells without MPEP (0.67 Ϯ 0.02).
Since it was reported that mGluR1 was involved in synaptic plasticity in cortical layer VI (Wang and Daw, 2003; Rao and Daw, 2004) and hippocampal CA1 area (Volk et al., 2006) , we tested effects of LY367385, a selective antagonist for mGluR1, on hom-LTP and het-LTD of EPSPs induced by TBS of the UL site, and found that this antagonist was not effective at all. In seven LY367385-treated cells, the mean ratio of UL-evoked EPSP 20 -25 min after TBS of the UL site to that before TBS was 1.38 Ϯ 0.03, which was not significantly (p Ͼ 0.05) different from the corresponding value of another seven control cells without the antagonist (1.51 Ϯ 0.07). The mean ratio of WM-evoked EPSP after TBS of the UL site to that before TBS was 0.77 Ϯ 0.01 (n ϭ 7), which was not significantly (p Ͼ 0.05) different from the corresponding value of the seven control cells (0.72 Ϯ 0.03).
Action of an mGluR5 agonist at UL3 L6 synapses and occlusion of TBS-induced hom-LTP
Because an mGluR5 antagonist blocked the induction of hom-LTP and het-LTD by TBS of the UL site, we then tested whether an activation of mGluR5 affects basal synaptic transmission to CG cells from the UL and WM sites. As shown in Figure 6C , an agonist for mGluR5, (S)-3,5-dihydroxyphenylglycine (DHPG) enhanced UL-evoked EPSPs. The ratio of the mean EPSP slope during the DHPG application to the preapplication value was 1.49 Ϯ 0.03, which was significantly ( p Ͻ 0.01) larger than the baseline value. This enhancement lasted for the whole recording time after cessation of the DHPG application. On the other hand, DHPG was not effective for WM-evoked EPSPs (Fig.  6 D) . The ratio of the mean EPSP slope during the application to the baseline value was 0.97 Ϯ 0.02, which was not significantly ( p Ͼ 0.05) different from the preapplication value.
Because the mGluR5 agonist induced a long-lasting enhancement of the basal synaptic transmission of UL3 L6 synapses, we then used the occlusion test to address the question of whether activation of mGluR5 is sufficient to induce hom-LTP of ULevoked EPSPs. As shown in Figure 6 E, DHPG, which was applied 20 min after the induction of hom-LTP, did not further enhance EPSPs. There was no significant ( p Ͼ 0.05) difference between values before DHPG application and those during the DHPG application (1.68 Ϯ 0.06 to the baseline value 5-0 min before the DHPG application and 1.74 Ϯ 0.04 during the application). Also, TBS, which was applied 15 min after washout of DHPG, did not further enhance UL-evoked EPSPs (Fig. 6 F) . Again there was no significant difference ( p Ͼ 0.05) between values before TBS application and those after TBS application (1.71 Ϯ 0.05 of the baseline value 5-0 min before TBS and 1.81 Ϯ 0.04 after TBS). These results indicate that TBS-induced hom-LTP of UL-evoked EPSPs and DHPG-induced potentiation of EPSPs occluded each other, and the activation of mGluR5 may be sufficient for the induction of hom-LTP of UL-evoked EPSPs.
Cannabinoid receptor of the type 1 is involved in het-LTD induced by TBS of the UL site
Since CB 1 R was reported to be involved in het-LTD at pyramidal cells in layer II/III of the mouse visual cortex (Huang et al., 2008) , we examined a possibility that CB 1 R is involved in het-LTD of CG cells in layer VI. During the application of an antagonist for CB 1 R (AM251), TBS applied to the UL site induced hom-LTP of ULevoked EPSPs of seven CG cells as in nine control cells (Fig. 7A,  top) . In contrast, het-LTD of WM-evoked EPSPs was not induced (Fig. 7A, bottom, filled circles) . The ratio of EPSP slope 20 -25 min after TBS to the pre-TBS baseline value was 0.99 Ϯ 0.01, which was not significantly different from the baseline value. On the other hand, this antagonist did not block het-LTD of UL-evoked EPSPs following TBS of the WM site (Fig. 7B,  bottom) . The ratio of UL-evoked EPSPs 20 -25 min after TBS of WM to the baseline value was 0.64 Ϯ 0.03, which was not significantly different from the corresponding value of 10 control cells (0.69 Ϯ 0.03).
To confirm that the loss of CB 1 R function leads to disappearance of het-LTD of WM-evoked EPSPs by TBS of the UL site, we tested the effect of TBS in CB 1 R-KO mice. As shown in Figure 7C (bottom, filled circles), het-LTD of WM-evoked EPSPs was not induced by TBS of the UL site in CG cells of CB 1 R-KO mice. The ratio of EPSP slope 20 -25 min after TBS to the pre-TBS baseline value was 1.12 Ϯ 0.01, which was not significantly ( p Ͼ 0.05) different from the baseline value. In nine CG cells of control mice, the same parameter of TBS induced het-LTD of WM-evoked EPSPs (Fig. 7C, bottom, open circles) . The ratio of EPSP slope 20 -25 min after TBS to the pre-TBS baseline value was 0.77 Ϯ 0.03, which was significantly ( p Ͻ 0.01) different from the baseline value. On the other hand, hom-LTP of UL-evoked EPSPs was induced in CB 1 R-KO as well as in wild-type mice (Fig. 7C, top) . In CB 1 R-KO mice, the ratio of EPSP slope 20 -25 min after TBS to the pre-TBS baseline value was 1.36 Ϯ 0.04, which was not significantly different from that of nine control cells (1.41 Ϯ 0.05).
Then we tested whether an agonist for CB 1 R, WIN, exerts any action on UL-evoked EPSPs of CG cells in wild-type mice. As shown in Figure 8 A, WIN depressed basal synaptic transmission of UL-evoked EPSPs, and thus the intensity of test stimulation was increased to the level at which the same amplitude as before the WIN application was attained, as indicated by a white arrow. Then TBS was applied to the UL site, as indicated by a black arrow. This TBS induced hom-LTP, suggesting that the agonist of CB 1 R does not affect the induction of hom-LTP of UL-evoked EPSPs. We then tested the action of WIN on WM-evoked EPSPs (Fig. 8 B) . Similar to UL-evoked EPSPs, WIN depressed the basal synaptic transmission of WM3 CG synapses, and thus the intensity of test stimulation was increased in the same way as in ULevoked EPSPs. The heterosynaptic TBS was applied to the UL site, which should have induced het-LTD of WM-evoked EPSPs. As shown in Figure 8 B (filled circles), het-LTD was not induced when preceded by WIN-induced depression, suggesting that the depressive action of WIN occluded the induction of het-LTD of WM-evoked EPSPs. This result suggests that het-LTD of WMevoked EPSPs induced by TBS of the UL site may be mediated by endocannabinoids (Fig. 9A) .
As shown in Figure 5B (bottom), the NMDA receptor antagonist prevented het-LTD of UL-evoked EPSPs from being induced by TBS of the WM site. Since Ca 2ϩ /calmodulin-dependent protein phosphatase (calcineurin) was reported to be involved in NMDA receptor-dependent hom-LTD in visual cortex (Torii et al., 1995) , we tested the possibility that calcineurin is involved in het-LTD. Thus, we applied an inhibitor for calcineurin, FK-506, to seven CG cells. We found that het-LTD was not induced by TBS of the WM site in FK-506-treated cells (Fig. 7D , bottom, filled circles). The ratio of EPSP slope 20 -25 min after TBS to the pre-TBS baseline value was 1.08 Ϯ 0.01, which was significantly ( p Ͻ 0.01) different from that of seven control cells (0.72 Ϯ 0.04). On the other hand, hom-LTP of WM-evoked EPSPs was induced as in the control condition (Fig. 7D, top) . The ratio of EPSP slope 20 -25 min after TBS to the pre-TBS baseline value of seven FK-506-treated cells was 1.70 Ϯ 0.05, which was not significantly ( p Ͼ 0.05) different from that of another seven control cells (1.69 Ϯ 0.01).
Discussion
Pathways to layer VI CG cells from the WM and UL sites
Responses of CG cells to electrical stimulation of the WM site are possibly generated through at least two pathways: direct afferents from dLGN and recurrent collaterals of axons of other CG cells. In the rat somatosensory cortex, it was reported that the responses through the direct afferent pathway showed short latencies and paired-pulse depression, whereas those through the recurrent collateral pathway exhibited longer latencies and shortterm synaptic facilitation (Beierlein and Connors, 2002; for review, see Thomson, 2010) . The present results indicating that the . WIN was applied to CG cells through the perfusion medium during the period indicated by a horizontal line. White arrows indicate that the intensity of test shocks was increased to the level at which the original size of EPSPs was obtained. Then TBS was applied to the UL site, as indicated by a black arrow in A. Hom-LTP was induced at the UL3 L6 synapses (A, filled circles) but het-LTD was not induced at WM3 L6 synapses (B, filled circles). Open circles in A and B indicate control data obtained without WIN. The other conventions are the same as in Figure 7A .
WM-evoked EPSPs had short latencies and showed paired-pulse depressions suggest that these EPSPs are generated through the direct afferent pathways from dLGN to CG cells. This seems consistent with a recent report that most layer VI cells in the mouse somatosensory and auditory cortices showed synaptic depression to repetitive stimulation of the thalamocortical pathway (Viaene et al., 2011) . There is another possibility that corticofugal axons originating from layer V and II/III cells were activated by stimulation of the WM site and generated EPSPs through recurrent collaterals. This seems unlikely, however, because to our knowledge no reports indicate that such recurrent collateral projections to layer VI CG cells exist, although we cannot completely exclude an indirect, polysynaptic generation of EPSPs (Douglas and Martin, 2004) .
In a previous study to identify the topdown projection from the upper layers to layer VI, the method of local activation with caged glutamate was applied to the rat visual cortex (Zarrinpar and Callaway, 2006) . In this study, it was reported that a small proportion of layer VI pyramidal cells receive inputs from layer II/III, whereas the majority of cells receive inputs mostly from layers IV, V, and VI. A recent review stated that layers II, III, and IV would provide only small and narrowly focused excitatory inputs to layer VI (Thomson, 2010) . Therefore, we cannot exclude the possibility that layer IV was also activated concomitantly with layer II/III by stimulation of the UL site. In the present study, we observed that the UL-evoked EPSPs showed longer onset latencies and slower rising and decay times than those of WM-evoked EPSPs. The long latencies of the former EPSPs may reflect the long conduction distance from the upper layer site to layer VI. The slow kinetics of the UL-evoked EPSPs implies that synapses for these EPSPs might be located at relatively distal dendrites. Nevertheless, these UL-evoked EPSPs are probably monosynaptically elicited from the upper layers because of stable responsiveness without significant jittering.
Functional significance of het-LTD of synapses on CG cells in cortical layer VI
A recent study using an optogenetic method sheds new light on the important function of CG cells in layer VI of the visual cortex. This study reports that these neurons play a role in controlling the gain of visually evoked responses of upper layer neurons through intracortical upward and corticogeniculate downward projections (Olsen et al., 2012) . Of these two output projections from layer VI, the former pathway was reported to play a major role in suppressing visual responses of cortical neurons. In the present study, we have demonstrated that the major input pathways to layer VI CG cells (WM3layer VI and UL3layer VI) have the capacity of homosynaptic and heterosynaptic long-term plasticity. For example, TBS of the upward pathway from the WM induced hom-LTP of these afferent synapses and het-LTD of the other downward pathway synapses (Fig. 9B) . This result suggests that strong, repetitive visual inputs from dLGN would enhance visual information transmission at the afferent synapses through LTP mechanisms so that the peripheral influence on the gain control function of layer VI neurons is enhanced. Simultaneously, het-LTD of downward synapses may weaken the top-down influence on the gain control function of CG cells in layer VI. Neurons in layer VI receive convergent inputs from a variety of brain regions, including higher cortical areas (Casagrande and Kaas, 1994; Thomson, 2010) . Thus, strong visual inputs would release function of CG cells from such a top-down influence.
In case strong top-down signals through the downward pathway bombard layer VI CG cells at high frequency, such as TBS, this would induce LTP of UL3 L6 synapses and LTD of WM3 L6 synapses (Fig. 9A ). This would result in release of the function of layer VI neurons from the peripheral control from dLGN. Thus the top-down control of the CG cell function would become more effective until another series of strong visual inputs arrive at CG cells from the upward pathway. Based on these considerations, it is possible to suggest that the heterosynaptic plasticity may play a role in switching the main stream of information flow from one to the other in layer VI of the visual cortex.
Another possible functional significance of reciprocal het-LTD may be maintenance of stability of synaptic function, as reported in intercalated neurons of the guinea-pig amygdala (Royer and Paré, 2003) . As pointed out in theoretical studies (Bienenstock et al., 1982 ; for review, see Abbott and Nelson, 2000) , one-way operation of synaptic plasticity, such as hom-LTP, would lead to saturation of synaptic transmission efficacy. Therefore, het-LTD may be necessary for stability of synaptic transmission efficacy to prevent synapses receiving excessive repetitive inputs from being saturated.
Roles of mGluR5 at downward pathway synapses in the induction of hom-LTP and het-LTD
We found that an mGluR5 antagonist, MPEP, blocked the induction of hom-LTP at UL3 L6 synapses while an mGluR1 antagonist, LY367385, was not effective. These findings seem inconsistent with those of Wang and Daw (2003) , who previously reported that MPEP enhanced and LY367385 blocked LTP of layer VI neurons in the rat visual cortex. These discrepancies may be ascribable to the difference in animal species and/or types of cells, because they used rats and did not classify the tested neurons as CG or non-CG cells and thus their samples likely contained non-CG cells. We also confirmed that the agonist for mGluR5 enhanced UL-evoked EPSPs and this enhancement occluded TBS-induced changes. These results indicate that an activation of mGluR5 through the downward pathway is necessary for the induction of hom-LTP at UL3 L6 synapses and het-LTD at WM3 L6 synapses (Fig. 9A ). The present results suggest that this het-LTD may be due to a decrease in transmitter release from afferent presynaptic terminals from the WM site. The blockade of the het-LTD by the antagonist for CB 1 R further suggests that the decrease in transmitter release may be ascribable to the action of endocannabinoids. This interpretation is consistent with the view that activation of mGluRs leads to the subsequent activation of phospholipase C, which triggers production or release of endocannabinods in co-operation with increased intracellular Ca 2ϩ (for reviews, see Chevaleyre et al., 2006; Kano et al., 2009 ). Thus, it is possible to suggest that endocannabinoids may be produced in CG cells through the activation of mGluRs by TBS of the UL site and then the released endocannabinoids act on WM3 L6 synaptic terminals (Fig. 9A ). Then it is also possible that released endocannabinoids act on UL3 L6 synapses, because EPSPs of these synapses were also sensitive to the CB 1 R agonist. Nevertheless UL3 L6 synapses following TBS of the downward pathway did not show hom-LTD but rather yielded hom-LTP. This might be ascribable to strong LTP, which may overcome such endocannabinoid-mediated depression at the homosynaptic site, as suggested previously (Huang et al., 2008) .
Roles of NMDA receptors at upward pathway synapses in the induction of hom-LTP and het-LTD
The present results indicate that an activation of NMDA receptors at WM3 L6 synapses is necessary for the induction of hom-LTP of these upward pathway synapses and het-LTD of the downward pathway synapses (Fig. 9B) . Furthermore, the results that the agonist for mGluR5 did not enhance WM-evoked EPSPs confirmed that mGluR5 is not directly involved in the afferent synaptic transmission at these synapses. The mainly postsynaptic origin of WM-induced het-LTD of UL-evoked EPSPs and its blockade by the NMDA receptor antagonist suggests that this het-LTD may be due to changes in postsynaptic receptors.
In visual cortex as well as in hippocampal CA1 area, it was suggested that calcineurin, which is activated by a moderate increase in postsynaptic Ca 2ϩ , may play a role in the induction of homosynaptic LTD (Mulkey et al., 1994; O'Dell and Kandel, 1994; Torii et al., 1995; Yasuda et al., 2003) . In the present study, we also found that an inhibition of calcineurin activity by FK-506 leads to loss of het-LTD of UL-evoked EPSPs. Thus, it is likely that the rise of Ca 2ϩ through NMDA receptor activation in CG cells may activate calcineurin, which in turn activates processes for the induction of het-LTD, although the processes downstream of the calcineurin activation is not completely clear in the present study.
In sum, the gain controlling function of CG cells in layer VI of the visual cortex is regulated by reciprocal long-term plasticity of synapses converging from the upward and downward pathways. The operation of different molecular mechanisms in heterosynaptic depression at the two sites may help bring potentiated synapses back to the baseline or depressed level quickly and effectively avoid saturation of the same mechanisms.
